It has long been a dream to achieve tumor targeting therapy that can efficiently reduce the toxicity and severe side effects of conventional antitumor chemotherapeutic agents. Taking advantage of the abnormalities of tumor vasculature, we demonstrate here a new powerful tumor vascular-targeting therapeutic technique for solid cancers that applies advanced nanotechnology to cut off the nutrient supply of tumor cells by physically destroying the abnormal tumor blood vessels. Water soluble magnetic Gd@C82 nanocrystals of the chosen sizes are deliberately designed with abilities to penetrate into the leaky tumor blood vessels. By triggering the radiofrequency induced phase transition of gadofullerene nanocrystals while extravasating the tumor blood vessel, the explosive structural change of nanoparticles generates a devastating impact on abnormal tumor blood vessels, resulting in a rapid and extensive ischemia necrosis and shrinkage of the tumors. This unprecedented target-specific physiotherapy is found to work perfectly for advanced and refractory solid tumors.
INTRODUCTION
Solid tumors possess unique pathophysiological vasculatures that cannot be found in normal tissues or organs [1] , including the hyper vasculatures, the defective vascular architecture, the lack of lymphatic drainage and the extensive production of a number of permeability mediators [2] [3] [4] [5] . These characters are known as the enhanced permeability and retention (EPR) effects that have been widely used to enhance the tumor selectivity of antitumor nanomedicines [6] [7] [8] . It was reported that with time the concentration of some intravenously (IV) administered nanosized anticancer drugs at the tumors could become several folds higher than that in normal tissues [9, 10] . Naturally, the central focus of current studies has been on how to increase the retention and accumulation of nanoparticles in tumor vasculatures for better tumor targeting therapy and imaging [11] [12] [13] . Although the extravasation mechanism of nanomaterials is not fully understood yet due to the endothelial biodiversity, it has been observed that the permeability of tumor blood vessels can indeed be affected by the nanoparticles of different sizes and shapes in many theoretical and experimental studies [14, 15] .
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of 100 W. The first is the standard equipped 200 MHz RF generator (BioSpec 4.7/30) in the 4.7 T commercial magnetic resonance imaging (MRI). The tumor-bearing mice could be placed in the center of the magnet tube and a body coil. For conveniently making some comparing experiments, we have constructed a second 200 MHz RF generator included commercial MXG RF Analog Signal Generator (100 kHz-1 GHz, N5181A, Agilent), signal amplifier BLAXH 20 (Bruker) and a home-made helical antennas. Its power could easily reach to 100 W (10 Hz pulse frequency, 10% duty cycle).
Differential scanning calorimetry (DSC) measurements DSC (Q2000, Waters Company, USA) was used to study the phase transition temperature of bulk Gd@C 82 with a heating rate of 10°C min −1 . The water solution DSC thermograms were obtained using a VP-DSC microcalorimetric system. The GFNCs solutions were degassed for 10 min, and then transferred into a Tantaloy 61 T Malloy sample cell of 500 μL. The sample cell containing the solution and the reference cell with water were cooled down to 10.0°C before the temperature scan started. The solution DSC thermograms were recorded at a heating rate of 30°C h −1 .
Animal models
All animal operations were in accordance with the institutional animal use and care regulations, the Experimental Animal Center of Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences (CAS). BALB/c nude mice and BALB/c mice (n = 3-5) weighing 18-20 g were purchased from the Zhongnan Hospital of Wuhan University (Wuhan, China). Five-week-old female mice were injected on the right rear flank area with 5×10 6 tumor cells (H22 mouse hepatoma cancer cells and 4T1 mouse mammary cancer cells) in 100 μL of serum free medium. The treatments were conducted after 5-7 days after the tumor inoculation.
MRI
In vivo MRI measurements were performed using a 4.7 T instrument with a bore diameter of 6 mm (PharmaScan, Bruker BioSpin, Germany). Athymic nude mice bearing H22 liver tumors were anesthetized using 2% isoflurane, and the tumors were positioned at the center of the RF coil (200 MHz). The physiologic conditions of the animals were monitored using a respiratory monitoring device during the scanning. After a pilot scans for determining the region of interest, a multislice spin-echo sequence was used with a repetition time (TR) of 400 ms, echo time (TE) of 11 ms, and slice thickness of 1 mm. Mice were IV injected 10 mmol L −1 GFNCs solution and treated under RF pulse continuously for 0.5-1 h, and acquired T 1 -weighted images before and after injection in a 10 min interval.
Magnetic resonance angiography (MRA)
MRA was performed on a 7.0 T scanner (BioSpec 7.0 70/20, Bruker, German) using a mice body coil to acquire signals. MRA images were acquired using TOF-2D-FLASH sequence with parameters as follows: T 1 -weighted fast field echo (T1FFE), TR = 12 ms, TE = 2 ms, field of view (FOV) = 40 mm × 40 mm, number of slices = 100, slice thickness = 0.3 mm, flip angle = 50°. The pseudo MRA images were analyzed using data software (Mricron).
Optical imaging
Luciferase was used as a marker in bioluminescence images to evaluate the growth of breast tumors after GFNCs and RF treatments by the CRI Maestro Imaging System (USA). The mice were anesthetized by intraperitoneal (IP) injection of 100 μL pelltobarbitalum natricum (1%). Anesthetized mice were IP injected with 75 mg/kg D-luciferin (Caliper Life Sciences, USA) in phosphate buffered saline (PBS). After injection ca. 10 min, bioluminescence images were acquired using optical imaging and the acquisition time was 0.1 s. Images were set at the indicated pseudo color scale to show the relative bioluminescent changes over time.
Environmental scanning electron microscopy (ESEM) observation of the blood vessels of tumors
The fresh tumor tissues after treatment by GFNCs and RF were obtained from surgically explanted samples, and after passage in 2.5% (v/v) glutaraldehyde, they were sectioned with a scalpel in 2 mm × 1 mm samples with parallel surfaces to get a flat surface of observation. The images were observed with the SEM-JSM-6301F (JEOL, Japan).
Histopathology assay
Hematoxylin and eosin (H&E) staining was analyzed following the standard protocol. Briefly, after the mice were treated by GFNCs combined with RF and sacrificed, the tumors were excised and fixed in formalin and embedded in paraffin. After washing with flowing water for 5 min, the slides were treated with gradient concentrations of alcohol (100%, 95%, 80% and 70%), each for 10 min. The hematoxylin staining was performed for about 7 min and washed with water for 5 min. The eosin staining was performed for about 3 min. The slides were washed, treated with xylene, and mounted with resinene. Then the stained slices were observed by a Nikon eclipse E400 microscope (Nikon 
Biochemical measurements
Blood samples were harvested by quickly removing the eyeball after treatments. Whole blood was placed in a clotted vial and centrifuged, and serum was collected for biochemical analysis. The toxicity towards liver and kidney after GFNCs and RF treatment was evaluated with serum levels of total, alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin levels (TBIL), blood urea nitrogen (BUN), creatinine (Cr) and uric acid (UA) using a biochemical autoanalyzer (Type 7170, Hitachi, Japan).
131
I radiolabeled biodistribution GFNCs (20 mg) was dissolved in 2 mL PBS solution (pH 7) and then Na I, and the radiochemical purity was determined by a double paper chromatography using chromatography paper strips (Whatman, 1.5 cm × 15 cm). The major organs (the heart, liver, spleen, lung, kidney, bone, muscle and tumor) were collected and weighed at 1 h, 4 h, 24 h, 48 h, 10 d, and 30 d post-injection, respectively. After nitrolysis, the radioactivity was scanned on an automatic thin layer chromatography scanner (BIOSCAN, Washington DC, USA).
RESULTS
Size-expansible phase transition of RF-assisted GFNCs
Our laboratory has been devoted to the study of fullerene and metallofullerene nanomaterials in the last decades [16, 17] , in particular the metallofullerene particles in different forms [18] [19] [20] [21] . As motivated by a recent study on the synthesis of water soluble Gd@C 60 crystalline particles with a simple solid-liquid reaction [22] , we prepared similar crystalline Gd@C 82 (OH) m nanoparticles using this novel technique. The purity of the sample was verified by both matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) and high performance liquid chromatography (HPLC) measurements before using (Fig. S1 ). The Gd@C 82 sample was dried up in air, and the bulk Gd@C 82 powder was treated with H 2 O 2 and NaOH to form Gd@C 82 nanocrystals with many hydroxyl groups conjugating on the surface, as illustrated in Fig. 1a and labeled as (Gd@C 82 ) m (OH) n afterwards.
The water soluble (Gd@C 82 ) m (OH) n was characterized by various spectrometry. The cryo-transmission electron microscopy (Cryo-TEM) as shown in Fig. 1b reveals that the gadofullerenes are spherical or ellipsoid particles with an average size of ca. 140 nm, which is larger than previously reported gadofullerenes derivatives [22, 23] . Selected-area electron diffraction (SAED) of the sample shows clear Debye rings, suggesting that the GFNCs are indeed composed of multiple Gd@C 82 molecules in the core and with hydroxyl groups attached on the particle surface. The GFNCs sample was further characterized by X-ray photoelectron spectroscopy (XPS). As shown in Fig. S2 and Table  S1 , the composition of the materials was found to contain mainly C, O, Gd, as well as a little Na that is possibly from the reactant NaOH to form a week complex with poly-ion Na + salt [24] . The crystalline gadofullerenes, e.g., Gd@C 60 [C(COOH) 2 ] 10 and Gd@C 60 (OH) x [22] , (Gd@C 82 ) m (OH) n and others [25] , have been found to own a common interesting physical property, namely, a size-expansible phase transition under heating. As illustrated in Figs 1c and d, we observed that the bulk Gd@C 82 polycrystals experience a conversable phase transition at ca. 344 K (71°C), while the water soluble GFNCs go through an irreversible phase transition at 354 K (81°C). Interestingly, due to the superparamagnetic property of the gadofullerene material (Fig. 1e) , the phase transition of this material can also be achieved by applying an RF irradiation for several minutes ( 
The anticancer mechanism of RF-assisted GFNCs
The GFNCs material was originally taken as MRI contrast agent, and a group of 5 H22 tumor-bearing athymic nude mice were taken as test animals. The tumor-bearing mice were IV administered with 150 μL of 10 mmol L −1 water-soluble GFNCs and after 10 min, this MRI contrast agent was tested for tumor diagnosis using a 4. were monitored by MRI within 90 min of the treatment (Fig. 2) . The pseudo MR images were analyzed using data software (MRIcron) to objectively quantify the ratio of hypointensity volume to whole tumor. It was clearly observed that the tumor began to form hypointensity area after only 30 min treatment, and the ratio was gradually increased to ca. 8% after 90 min of RF irradiation (Figs 2b-d) . After RF-assisted GFNCs treatment, the tumor was observed to induce a rapid and extensive necrosis, and finally serious inner collapses occurred in 24 h (Fig. S4) .
Since magnetic hyperthermia was widely studied for tumor treatments [26] , and the tumor ablation therapeutic technique by RF-induced heating of some charged particles has been clinically used recently [27] [28] [29] , the anticancer mechanism of the RF-assisted GFNCs was primarily proposed as a magnetic hyperthermia effect. However, a series of deliberately designed experiments were performed that completely rule out this mechanism. GFNCs solution was applied on 200 MHz RF irradiation for 30 min, but it was observed that the solution underwent only a moderate temperature change, i.e., the temperature increased only slightly from ca. 20.8 to 23.4°C during this process, which was in the same level with those of NaCl and Gd-diethylenetriaminepentaacetic acid (DTPA) groups (Fig. 3a) .
Second, cell incubation with GFNCs experiments by three kinds of cells, i.e., mice hepatic cancer cell H22, human hepatic cancer line HepG2, and mice embryonic liver cell BNL (normal cells) were performed under RF irradiation, respectively. The results indicate that all these cells maintain high viability after long time of RF irradiation with GFNCs (Figs 3d-f) . 
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Third, in order to completely exclude the possibility of magnetic hypothermia effects in current therapeutic experiments, an optical fiber temperature sensor was employed to directly measure the temperature of tumor section during the RF-assisted GFNCs treatment. As shown in Figs 3b and c, the tumor-bearing mouse was placed under the constant temperature cushion (37°C), and the optical fiber was inserted on the center area of the tumor. Fascinatingly, it was observed that the temperature of tumor area increased only about 2°C during 60 min 200 MHz RF irradiation. Furthermore, we reproduced the 200 MHz RF generator (Fig. S5 ) in laboratory to simulate that used in the 4.7 T MRI machine, thus we were able to use an infrared thermal camera to monitor the temperature change during RF-assisted GFNCs treatment (Fig. S6) . Once again, less than 2°C temperature increase was measured in the tumor area after 1 h of RF irradiation.
After excluding the magnetic hyperthermia mechanism, we performed a series of experiments trying to find out the reason that induces the rapid tumor necrosis. Finally, since the ESEM study of the tumor tissue showed extensive impaired blood vessels inside the tumor body, a clue for the tumor therapy was revealed that the RF-assisted GFNCs may destroy the tumor vascular system. As shown in the ESEM images of the tumor blood vessels of H22 liver tumor (Figs 4a-c), extensive damages with only the basement membrane were observed after the RF-assisted GFNCs treatment, indicating that large scales of endothelial cells (ECs) were chipped off during the therapy process.
Undoubtedly, the damage of tumor blood vessels must induce a rapid reducing of blood flow to tumor area or even cutting it off, so the MRA was applied to monitor the blood flow in tumor area which is a powerful technique to show blood flow of the tested animals. As shown in Figs 4d-g, the MRA images of RF-assisted GFNCs exhibit identifiable reduction of the arterial vessels flowing to the tumor (Figs  4f and g ), which is clearly contrast to the unchanged blood vessels of the untreated group (Figs 4d and e) .
Based on the above observation, a new anticancer mechanism through destroying tumor vascular system by the RF-assisted GFNCs was presented, i.e., the RF-assisted GFNCs material attacks the tumor vascular structures during the extravasation process, and the loss of nutrient from the impaired vessels is responsible for the observed necrosis and shrinkage of the tumors.
The therapeutic mechanism is schematically summarized in Fig. 5 . After the water soluble GFNCs IV injecting into the tumor-bearing mice, the particles would rapidly flow along the normal blood vessels to reach the tumor sites. They can force themselves to penetrate the leaks around endothelia cells, as the consequence of the EPR effect. It has been estimated that the GFNCs would spend several to dozens of minutes to permeate the blood vessels depending on their size. When the RF is applied, the GFNCs can undergo a phase transition. The explosive volume expansion accompanying with the possible rotation of the magnetic nanocrystals can thus destroy the networks of endothelia cells and abscission from the basilemma. The It is noted that this function is similar to what the vascular disrupting agents (VDAs) have, namely to alter the shape of the endothelial cell by disrupting the cytoskeleton and cellto-cell junctions [30, 31] . However, the RF-assisted GFNCs offers a physio-therapeutic technique that relies on the inherent pure physical properties of tumor vasculatures to avoid uncontrollable biochemical response introduced by conventional VDAs [32] . We have designed and performed a series of comparing experiments that unambiguously convinced this hypothesis. First, several control experiments were carried out to show that both RF and the as-prepared GFNCs were necessary for the tumor therapy. As shown in Fig. S7 , six parallel tests on following H22-bearing mice were carried out: (a) the as-prepared GFNCs were IV injected and 200 MHz RF applied; (b) the same as (a) but without RF; (c) the GFNCs were irradiated by RF for 30 min in vitro then IV injected and 200 MHz RF applied; (d) the GFNCs were heated to 80°C, cooled down to room temperature, then IV injected and 200 MHz RF applied; (e) GFNCs were directly injected into the tumor under RF, and 200 MHz RF applied; (f) (C 60 ) m (OH) n were IV injected and 200 MHz RF applied. It is obvious that both the as-prepared GFNCs and the 200 MHz RF are indispensible to realize the tumor therapy. Especially, for those GFNCs after heating or RF irradiating treatments, they nearly lose their antitumor effects in animal tests (Figs S7c and d) due to the lack of RF-induced phase transition.
Fascinatingly, the therapy mechanism indicates that the GFNCs must be IV injected into the mice, otherwise the GFNCs could not be embedded in tumor vascular gaps to strip off the endothelia cells while they were excited by the RF. Therefore, it is natural to understand that no sign of antitumor activity can be observed while the GFNCs being directly injected into the tumor tissues, since the size expansion of GFNCs is harmless to the tumor vasculatures in this situation. Moreover, the similar size of the as-prepared crystalline C 60 nanoclusters do not demonstrate any antitumor activity as they could not be triggered by the applied RF to occur explosive phase transition (Fig. S7f) .
The universal tumor therapy in vivo by RF-assisted GFNCs
System studies of the antitumor efficacy in vivo have been performed by MRI spectrometry, bioluminescence microscopy, and histology analysis, following the working procedure given in Fig. 6a . MRI spectrometry is particularly useful, since it is able to study the retention property of the paramagnetic GFNCs and simultaneously provides the RF needed for the GFNC phase transition. The MRI micrographs clearly illustrate an extensive tumor necrosis 2-4 h after the treatment (Fig. 6b) , accompanying with the tumor color changing gradually from pink to black by ischemia necrosis at 6 h, and finally the tumor was observed to coagulate and regress after 24 h (Figs 6c and d) . Moreover, after 15 days of the treatment, the tumors were nearly necrosis with only a crustlike scab remaining, in contrast to (Fig. 6e) . Fig. 6f showed the H&E stained tumor slices for the RF-assisted GFNCs treated and control groups. We could observe the ubiquitous blood vessels and dense of packed neoplastic cell with clear tumor proliferation in control groups, whereas, granulation tissues instead of mitotic tumor cells appear in the groups treated by the RF-assisted GFNCs. This indicates that nearly the entire tumor tissues have been severely damaged because of the shutdown of their nutrition supply systems. 
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The liver tumor is a representative of the cellular tumor, while the breast tumor can represent the desmoplastic tumor. With the same protocol, the extensive necrosis of the breast cancer was also observed based on bioluminescence measurements as well as the histopathological assay (Figs  7a-c) . The proposed new antitumor technique thus may be extended to other types of solid tumors.
Safety evaluation of the antitumor technique
It was observed that the water soluble microscopic particles of fullerenes and metallofullerenes can be eliminated from the tested rice within several days, as revealed by the MRI measurements (Figs S8a-d) and 131 I radiolabelling method (Fig. 8) , thus it avoids a long-term toxicity of the materials. Moreover, even though there are trace amount of remaining GFNCs, it is known from previous studies that the Gd@C 82 derivatives may exhibit long-term antitumor activity by inhibiting the tumor growth [33] [34] [35] . In fact, the low toxicity in vivo after the therapy has been further verified through tissue histology and analysis, which shows negligible toxicity towards normal tissues. Brain, heart, liver, spleen, lung and kidney slices were collected from the tested mice one week after the therapy, and little visible injuries could be seen in comparison with the control groups (Fig. 9a) .
The blood taken from the eyeball of the tested mice one week after the treatment was also analyzed (Fig. 9b) , showing minor negative effects on the liver functions. It is noted that the ratio for AST/ALT of GFNCs groups was 4.1±0.3, which is much lower than that for the control groups with 6.1±0.1, which indicating that the treatments were not causing acute toxicity towards liver. Furthermore, the level of BUN, Cr and Ua showed no obvious fluctuation, suggesting little nephrotoxicity of this material.
DISCUSSION
Finally, a group of ten liver cancer-bearing normal BAL-B/c mice were treated following a standard procedure, i.e., the mice were first inoculated with liver cancer, and after 7 
Figure 8
The biodistribution of GFNCs in vivo. GFNCs were IV injected into H22 liver tumor-bearing mice and measured by 131 I radiolabeled method, %ID/g ± standard deviation, n = 5.
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days tumor growth, each mouse was IV injected with 150 μL of 10 mmol L −1 water soluble GFNCs, and then applied the 200 MHz RF radiation for ca. 30 min. All the ten tested mice were observed to show extensive tumor necrosis within a few hours, accompanying with the tumor color changes from pink to black, and finally the collapse of the whole tumor (Fig. S9) . The ten as-treated mice were further examined 10 days after the therapy, nearly all of the mice tumors exhibit excellent therapeutic effects, and some of them have been cured after decrustation (Fig. S10 ). The extremely high performance of this therapeutic technique might be benefited from the activation of the immune system in organism after tumor cell necrosis.
The remarkable performance of this new tumor targeting physiotherapy is overwhelming. It relies on an entire new approach to physically destroy the solid tumors by effectively cutting off their blood supply, which can also significantly reduce toxicity and avoid harmful side effects. Although this technique only works the best for solid tumors, its immediate use will undoubtedly have significant impact to our society. It paves the way to effectively apply the unique properties of advanced nanomaterials for real medical applications.
